CpG sites, but it is also found at asymmetric sites and, in plants, at CpNpG sites. Once established, DNA methylation is inherited through mitosis, and often through 
H3-K9 methylation. However, when coupled with an increase in transcription, a loss of methylated H3-K9 is observed.
Results and Discussion

DNA Methylation at the Centromeric 180-bp Repeats
We have analyzed the centromeric 180-bp repeats [22] [23] [24] in the four DNA methylation-deficient lines described above and in a newly isolated cmt3 met1 double mutant (see the Experimental Procedures). The centromeric repeats are found as tandem arrays of related sequences that span the core centromeres of all five chromosomes. They have been shown to be heterochromatic based on decreased recombination frequencies, increased condensation, and high levels of CpG and CpNpG methylation [24, 25] . Using reverse transcription PCR (RT-PCR) analysis, we did not detect transcription of centromeric repeat sequences in wild-type or in any of the DNA methylation-deficient mutant lines in poly-A RNA, and we only detected very low levels in total RNA preparations (data not shown). Therefore, the centromeric repeats serve as excellent loci in which to study the relationship between histone methylation and DNA methylation without the complication of transcriptional effects.
As diagrammed in Figure 1A , one HpaII/MspI site (5Ј-CCGG-3Ј) exists within most repeat elements. HpaII is inhibited by the methylation of either C, allowing for detection of CpG and CpNpG methylation, whereas MspI is only inhibited by the methylation of the first C, allowing for detection specifically of CpNpG methylation. As shown in Figure 1B , the wild-type strain (wt) is highly methylated at CpG sites and moderately methylated at CpNpG sites. This is consistent with the 71% CpG methylation and 38% CpNpG methylation found by bisulfite sequencing [20] . Lines homozygous for either cmt3 or kyp have no effect on CpG methylation but reduce CpNpG methylation, with cmt3 removing essentially all CpNpG methylation and kyp causing a partial reduction ( Figure 1B ; also see [16] ). The ddm1, met1, and cmt3 met1 mutants eliminate almost all CpG and CpNpG methylation ( Figure 1B ; also see [17] and [26] ). These mutant lines, therefore, provided us with a range of DNA methylation phenotypes at the centromeric repeats. 
Histone H3-K9 Methylation Marks Heterochromatin Independent of DNA Methylation Levels
To address the relationship between DNA methylation and histone modifications in heterochromatin, we used chromatin immunoprecipitation (ChIP) assays. DNA precipitated with dimethylated H3-K9 antibodies in the different Arabidopsis mutants was first normalized by using a primer pair specific for the 5Ј end of ACTIN 2/7 (a constitutively expressed gene assumed to be euchromatic, [27]), as shown in the lower panel of Figure 1C . Next, using a primer pair specific for the centromeric repeat (which generates a ladder due to the multiple sites to which the primers can bind), we found a strong enrichment of H3-K9 methylation over the no antibody control in the wild-type strain ( Figure 1C ). This result shows that H3-K9 methylation marks heterochromatin in plants as it does in fungi and animals. Furthermore, much of this H3-K9 methylation is dependent on the KRYPTONITE histone methyltransferase gene, as kyp mutant lines show greatly reduced levels of H3-K9 methylation ( Figure 1C) .
Examination of the centromeric repeats in the DNA methyltransferase mutants (cmt3, met1, and the cmt3 met1 double mutant) revealed little effect on the level of H3-K9 methylation. This suggests that a decrease in either CpNpG methylation or CpG methylation or both does not reduce H3-K9 methylation. Hence, while it is possible that residual levels of DNA methylation remaining in met1 cmt3 mutants are sufficient to maintain H3-K9 methylation, our data do not support the hypothesis that a direct feedback loop exists between DNA methylation and H3-K9 methylation.
Finally, we examined the ddm1 mutant line, which reduces both CpG and CpNpG methylation at the centromeric repeats ( Figure 1B) . We found that the ddm1 mutation caused a significant reduction in the amount of H3-K9 methylation ( Figure 1C ). Since DDM1 shows sequence similarity to SWI2/SNF2 proteins, this suggests that chromatin remodeling may be critical for the maintenance of H3-K9 methylation. This result also raises the question of whether DDM1 might have a primary role in maintaining H3-K9 methylation, a primary role in maintaining DNA methylation, or is independently affecting both processes. If DDM1 only aids in the methylation of H3-K9, then loss-of-function mutants in ddm1 should mimic the kyp mutants. However, kyp has a very different phenotype than ddm1 since kyp eliminates most H3-K9 methylation but only has an intermediate effect on CpNpG methylation and has no effect on CpG methylation. On the other hand, if DDM1 is only necessary for DNA methylation, ddm1 alleles should mimic the cmt3 met1 double mutant. However, we found that cmt3 met1 double mutants have little effect on H3-K9 methylation but drastically reduce DNA methylation. released from silencing (see the Experimental Procedures). Therefore, like the centromeric repeat sehowever, it is missing its left LTR. We examined both the methylation status of H3-K9 using ChIP assays and quences, the chromatin examined by ChIP assays at the SUP locus is for the most part undisturbed by tranthe activation of transcription using RT-PCR. As shown in Figure 3A, As kyp and cmt3 were isolated in a clk-st background, they each contain six copies of the SUP gene and can be directly compared using ChIP assays (as these are copy number-sensitive assays). Figure 4 shows that H3-K9 methylation is present in much higher concentrations at SUP compared to ACTIN in the clk-st line. In the kyp line, we are unable to detect H3-K9 methylation above background levels. However, in cmt3, H3-K9 methylation is present at close to the same level as in clk-st. Therefore, although cmt3 causes a dramatic loss of DNA methylation and derepresses SUP gene silencing, little loss in H3-K9 methylation is observed. These results suggest that DNA methylation, not H3-K9 methylation, is primarily responsible for gene silencing at SUP. These results are also consistent with a model in which transcription is required to reduce methylated histone H3 from previously silenced regions following loss of DNA methylation.
Conclusions
We have shown that Arabidopsis heterochromatin is and JP1566, and, for Ta2, they were JP1725 and JP1726 (see above), each immunoprecipitation and was resuspended in 1 ml lysis buffer and reactions proceeded for 37 and 39 cycles. Control reactions (50 mM HEPES [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, without reverse transcription were used to assess the presence of 0.1% deoxycholate, 0.1% SDS, 1 mM PMSF, 10 mM Na butyrate, 1 any contaminating DNA. g/ml aprotinin, 1 g/ml pepstatin A). DNA was sheared by sonication to approximately 500-1000-bp fragments. After centrifugation Southern Blot (10 min at 13,000 rpm), the supernatents were precleared with 60
The 180-bp centromeric repeat probe was kindly provided by Eric l salmon sperm (SS) DNA/Protein A agarose for 60 min at 4ЊC.
Richards and is described in [17] . The Ta3 probe was generated by After 2 min of centrifugation at 3,000 rpm, the supernatent was amplifying genomic DNA corresponding to positions 83448-88130 transferred to a siliconized tube, and 10 l of the appropriate antiin BAC clone F28L22 (GenBank accession AC007505). body was added (anti-dimethyl-histone H3 [Lys9] #07-212 and antiacetyl-histone H3 #06-599 from Upstate Biotechnology). After incu
